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Background: Slow oscillations (<1 Hz) during slow wave sleep (SWS) promote the consolidation of
declarative memory. Children with attention-deﬁcit/hyperactivity disorder (ADHD) have been shown to
display deﬁcits in sleep-dependent consolidation of declarative memory supposedly due to dysfunctional
slow brain rhythms during SWS.
Objective: Using transcranial oscillating direct current stimulation (toDCS) at 0.75 Hz, we investigated
whether an externally triggered increase in slow oscillations during early SWS elevates memory
performance in children with ADHD. Methods: 12 children with ADHD underwent a toDCS and a sham
condition in a double-blind crossover study design conducted in a sleep laboratory. Memory was tested
using a 2D object-location task. In addition, 12 healthy children performed the same memory task in
their home environment.
Results: Stimulation enhanced slow oscillation power in children with ADHD and boosted memory
performance to the same level as in healthy children.
Conclusion: These data indicate that increasing slow oscillation power during sleep by toDCS can alleviate
declarative memory deﬁcits in children with ADHD.
 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).Introduction
With a prevalence of 5e7%, attention-deﬁcit/hyperactivity dis-
order (ADHD) is one of the most commonly diagnosed childhood
disorders [1,2], characterized by the cardinal symptoms of reduced
attention, hyperactivity, and impulsiveness [3]. Imaging studies
revealed that neuropsychological deﬁcits in ADHD are predomi-
nantly caused by dysfunctions in frontal brain regions, the striatum,
and the cerebellum [4,5]. Besides the core symptoms, ADHD is oftenResearch Funding (SFB 654,
Adolescent Psychiatry and
ool of Medicine, Christian-
iel, Germany. Tel.: þ49 431
tensen).
Published by Elsevier Inc. This is aaccompanied by memory deﬁcits [6e9], which are likewise caused
or at least exacerbated by reduced frontal brain functions (e.g.
reduced attention, enhanced distractibility, deﬁcits in buffering
information) [10]. At the same time, frontal brain functions are
susceptible to sleep deprivation [11e15], and there is a whole body
of research linking the often reported sleep problems to neuro-
psychological deﬁcits in ADHD [16e24].
Sleep does not only restore cognitive capacity but also supports
the consolidation in various memory systems in healthy children
and adults [25,26]. There is increasing evidence that declarative (i.e.
hippocampus-dependent) memory beneﬁts particularly from slow
wave sleep (SWS) which is characterized electrophysiologically by
slow oscillations (w0.8 Hz) occurring during slow wave activity
(.5e5 Hz) [27]. These slow oscillations (SO) originate mainly over
frontal brain regions [28e30] and orchestrate hippocampal activity
during SWS. Hereby, newly encoded declarative memoryn open access article under the CC BY-NC-ND license (http://creativecommons.org/
Table 1
Participant characteristics.
ADHD Controls ADHD vs. controls
Mean (SD) Mean (SD) P
Age 12.1 (1.4) 11.9 (1.4) .678
IQ 105 (7.0) 105 (8.1) .915
Figural memory 65.4 (24.4) 75.7 (19.4) .267
Attention problems (CBCL) 68.6 (7.9) 50.4 (1.4) <.001
SD, standard deviation; CBCL, child behavior checklist.
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consolidation during sleep [31]. By using transcranial oscillating
direct current stimulation (toDCS) at 0.75 Hz during SWS in young
healthy adults, Marshall and colleagues increased SO power,
resulting in boosted sleep-dependent consolidation of declarative
memory [32,33].
We observed that young patients with ADHD displayed deﬁcits
with respect to the sleep-dependent consolidation of declarative
memory which was associated with dysfunctional SO activity dur-
ing early non-rapid eye movement sleep [34]. As recently shown,
slow wave activity (SWA, 1e4.5 Hz) during SWS is altered in chil-
dren suffering from ADHD: while over central positions the SWA
was enhanced, it was attenuated by trend over frontal positions
[35]. Our previous studies pointed to a reduced frontal brain
function as the cause of the impaired memory consolidation during
sleep in ADHD [34,36,37]. Therefore, the aim of the present study
was to show that an enhancement of frontal SO activity at 0.75 Hz
by toDCS during sleep enhances declarative memory consolidation
in ADHD to a level comparable to that of healthy controls.
Materials and methods
Twelve male children suffering from ADHD (mean age 12.1 yrs,
range 10e14 yrs) and 12 healthy boys (mean age 11.9 yrs, range
9e14 yrs) participated in this study. Patients and controls did not
differ with respect to age, IQ, or basic memory skills (all P-values
>.2; see also Table 1). All children and their parents were inter-
viewed using a German translation of the Revised Schedule for
Affective Disorders and Schizophrenia for School-Age Children:
Present and Lifetime Version (K-SADS-PL) [38,39]. A standard
questionnaire, the Child Behavior Checklist (CBCL) [40], was ﬁlled
out by parents to assess any psychiatric symptoms of their children.
ADHD patients were excluded, if they displayed any comorbidity
apart from oppositional deﬁant disorder or conduct disorder.
Controls were excluded if they displayed any psychiatric abnor-
malities. Further exclusion criteria for all participants were: below-
average intelligence quotient (IQ < 85), as measured by the Culture
Fair Intelligence Test 20-Revised Version (CFT 20-R) [41]; profound
memory impairment asmeasured by a ﬁgural learning test to assess
cerebral dysfunctions (Diagnosticum für Cerebralschädigung, DCS;
cut-off score: 16th percentile of the reference sample) [42]; or self-
reported sleep-disturbances, as measured by the Sleep-Self-Report
questionnaire (SSR, cut-off score: 24).
All participants had normal or corrected-to-normal vision. Pa-
tients met the criteria for ADHD according to DSM IVeTR [3]; four
suffered from the inattentive type and another eight from the
combined type. Three patients with ADHD additionally exhibited an
oppositional deﬁant disorder (ODD) and another two were addi-
tionally diagnosed with conduct disorder. According to self-reports
all participants were free of any neurological, immunological, or
endocrinological disease. Parental reports revealed no signiﬁcant
sleep problems in their children, and no healthy participant took
any medication. ADHD patients only took methylphenidate but
discontinued medication 48 h (approximately twelve half-lives)prior to each experimental condition. According to self-reports
none of them needed daytime naps.
All participating children and their parents gavewritten informed
consent and were reimbursed with a voucher for their participation.
The study was approved by the ethics committee of the medical fac-
ulty of the University of Kiel and followed the ethical standards of the
Helsinki Declaration. The ethic committee, however, recommended
not applying toDCS in healthy children, andwe followed their advice.
Memory task
Declarative memory was assessed by a computer version of the
well-known card game “Concentration” or “Memory” (created with
E-Prime 2.1, Psychology Software Tools, USA) which consisted of a
conﬁguration of 15 card pairs (6 columns, 5 rows; motives were
cartoon animals and everyday items). In the beginning of the
encoding session, one pair after the other was displayed faceup by
the computer for 2 s and then facedown again. Participants were
instructed to memorize as many card locations as possible. After all
pairs were shown faceup once, the procedure was repeated a sec-
ond time. Then, one card (cue) of a pair was shown faceup by the
computer and participants were asked to choose the corresponding
second card (target) by using the computer mouse. If the decision
was correct, a green checkmark appeared on the chosen position,
and the next card was turned over by the computer. If the choice
was wrong, then a red X appeared on the chosen card and the card’s
correct location was displayed. This encoding procedure was
repeated until participants made at least nine correct choices (60%).
During the retrieval sessions, participants were presented with the
same conﬁguration; one cue card was displayed faceup and the
target card had to be found using the computer mouse. After all 15
cue cards were presented once, the retrieval session was ﬁnished.
Two sets of pictures with different positions were used, and their
usage was counterbalanced over the experimental conditions.
Although healthy children were confronted with only one experi-
mental condition, half of them were confronted with the test ma-
terial at the end of the diagnostic session. We did this in order to
induce a comparable session effect in healthy controls as it might
have been for patients. Dependent data were the percent of
correctly identiﬁed positions. Memory performance was calculated
as the difference between correctly identiﬁed card locations (in %)
in the last round during the encoding phase (baseline) and the
retrieval phase in the next morning (in %).
Transcranial oscillating direct current stimulation in ADHD
According to Marshall and colleagues, we employed the
following toDCS protocol: two Ag/AgCl sintered skin electrodes
(13 mm outer diameter; 8 mm inner diameter: 0.503 cm2 contact
area) were applied bilaterally at frontolateral locations (F3 and F4 of
the international 10:20 system, see also Fig. 1). Two further elec-
trodes of the same kind were used as ipsilateral references, one
placed at the left and one placed at right mastoid (M1 and M2).
While frontal electrodes were afﬁxed by adhesive EC2 paste (Grass,
USA), mastoid electrodes were ﬁlled with chloride, abrasive elec-
trolyte paste and afﬁxed by adhesive washers (Easycap, Germany).
The resistance of all electrodes was below 5 kU. Anodal toDCS (i.e.,
positive polarity at both frontal sites) was applied by two battery-
driven constant-current stimulators (neuroconn, Germany). Both
stimulators (one for the left and one for the right hemisphere, F3-
M1, F4-M2) were synchronized by a common trigger. The current
strength of each anodal electrode ranged from 0 to 250 mA at a
frequency of 0.75 Hz. The monophasic stimulation was sinusoidal,
and the maximum current density per anodal electrode was
0.497 mA/cm2 (250 mA/0.503 cm2). Stimulation started 4 min after
Figure 1. Sinusoidal toDCS of 0.75 Hz started 4 min after patients had entered non-REM sleep stage 2 for the ﬁrst time (upper panel); stimulation units (5  5 min) were separated
by 1-min stimulation-free intervals; while anodal electrodes were ﬁxed over F3 and F4 (arrows), cathodal electrodes were placed over ipsilateral mastoids (M1 and M2; lower
panel); REM, rapid eye movement.
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period of 5 5min separated by 1 min intervals free of stimulation.
In the sham control session, the electrodes were applied as in the
stimulation sessions, but the stimulator remained off. Stimulation
was not felt by the participants. After each application, electrodes
were cleaned, chlorinated, and the conductivity was checked. If the
quality of electrodes was compromised, then they were replaced by
new ones; otherwise they were reused. For ethical reasons, toDCS
was not applied in the healthy children’s group.
Sleep recordings
ADHD patients spent three nights in the sleep laboratory. The
ﬁrst night was used for adaptation and diagnostic purposes. Here a
standard polysomnogram (PSG) was recorded using a 16-channel
PSG system (Somnomedics, Germany). EEG was recorded at a
256 Hz sampling rate with band-pass ﬁlter (0.2e35 Hz) according
to the International 10e20 system from Fz, C3, Cz, C4, P3, Pz, P4, Oz
and referenced to the tip of the nose with a ground placed at AFz.
Diagonal EOG (sampling rate: 256 Hz, band-pass ﬁlter: 0.2e10 Hz)
was recorded from the lower right and upper left canthi. EMG was
recorded from the chin and from the left and right lower legs at
256 Hz with a high-pass ﬁlter set to 10 Hz. A thermistor (for
monitoring nasal air ﬂow), a nasal air pressure monitor, and a
piezoelectric band (for determining thoracic wall motion) were also
attached to the patients. During the experimental nights (stimula-
tion and sham), only EEG, EOG, and EMG (chin) were recorded, and
the following macro sleep parameters were obtained: time in bed
(TIB), sleep onset latency (time in minutes from lights off to the ﬁrstepoch of sleep stage 2), total sleep time, sleep efﬁciency (ratio of
total sleep time to time in bed), number of awakenings, duration of
wakefulness after sleep onset, sleep stages 1e4 and REM sleep (in
minutes), and sleep stage change index (number of sleep stage
changes per hour of sleep). Sleep stages were visually scored ac-
cording to standard criteria [43] by a trained rater. Oscillatory EEG
activity was obtained and analyzed from Fz, C3, Cz, C4, P3, Pz, P4,
and Oz. The fast Fourier transform (FFT) algorithm was performed
using Brain Vision Analyzer 2.0.4 (Brain Products, Germany). SO
activity (0.6e1.1 Hz) was calculated during the ﬁve 1-min intervals
after stimulation intervals. Only artifact-free epochs of 8-sec.
duration were analyzed, and the truncating error was reduced by a
Hanning window. The log-transformed absolute power values for
SO were used for further analyzes. To reliably estimate differences
in sleep stages and oscillatory activity between nights with stim-
ulation and sham nights, all EEG epochs with distortion caused by
toDCS in the stimulation night were correspondingly deleted from
the sham night EEG after recording. For this purpose, we marked
ﬁve intervals (each lasting 5 min) starting 4 min after patients had
entered non-REM sleep stage 2. Intervals were separated by a 1-min
break. Comparable to the stimulation night, we analyzed SO activity
during these 1-min intervals after simulated stimulation.
Healthy controls slept at home. Here, two consecutive nights
were used. In theﬁrst night, childrenwere familiarizedwith the EEG
recording system by sleeping with a dummy device. The following
night was the experimental night where EEG signals from only one
position (F4 referenced to M1 with a ground electrode placed at
AFz) were recorded by a 3-channel Somnowatch plus system
(Somnomedics, Germany). This setup was used to screen for TIB,
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minutes; a more detailed analysis of the EEG data was not possible.Table 2
Results of memory performance.
ADHD Controls Controls
vs. sham
Controls
vs. stim
Sham mean
(SEM)
Stimulation
mean (SEM)
Stim vs.
sham
P
Mean
(SEM)
P P
Learning 67.5 (1.7) 65.6 (1.6) .502 68.3 (3.1) .815 .433
Retrieval 57.4 (3.0) 66.2 (3.0) .076 66.0 (3.1) .061 .954
Learning e
retrieval
10.2 (2.4)a 0.5 (2.6) .004b 2.3 (3.4) .036b .520
SEM, standard error of means; Stim, stimulation.
a different from zero (P ¼ .001).
b one-tailed.Procedure
ADHD patients
Electrodes were afﬁxed prior to each experimental night at 7
p.m. Thereafter, patients were asked to rate their emotional state
using the SAM scales of valence, arousal, and dominance and their
current tiredness using a visual analog scale (ranging from 0 “not at
all” to 10 “completely exhausted”). Moreover, the subtest digit-span
(forward and backward) from the Wechsler Intelligence Scale for
Children [44] was conducted to assess the current workingmemory
capacity. At 8 p.m., the memory encoding session took place. After
reaching the criterion (at least 60% correctly identiﬁed pairs), pa-
tients were sent to bed at approximately 9 p.m. After children fell
asleep, the investigator left the sleep laboratory. Unknown to the
patients and the investigator, either a toDCS or a sham treatment
was conducted by a briefed medical doctor. Patients werewoken up
by the blinded investigator at 7 a.m. After breakfast, patients were
asked to rate their emotional state and their current tiredness and
to work on the digit-span task before the retrieval session was
carried out at 8 a.m. The order of conditions (stimulation/sham;
each being conducted at least one week apart) and picture sets
were counterbalanced across patients.
Healthy controls
Comparable to patients, electrodes were afﬁxed in the beginning
of the encoding session and children were asked to rate their
emotional state and current tiredness using the same instruments
as mentioned above. Then, at 8 p.m. the memory encoding phase
began, and children were sent to bed after reaching the criterion of
60%. Children were woken up at 7 a.m. by their parents and the
retrieval session took place at 8 a.m. To control for possible session
effects that might have taken place in ADHD patients, half of the
healthy children (randomly chosen) were familiarized with the
parallel version of the memory task at the end of the diagnostic
session. The other half was naïve to the memory task until the
encoding session was conducted.
Statistical analyses
Since only children with ADHD but not healthy children
received toDCS employing a full-factorial ANOVA-design was not
possible, and the statistical analysis was two-fold: memory per-
formance and control variables (SAM scales, digit-span, alertness
ratings) in children with ADHD were analyzed each by a 2  2
ANOVA with the within factors STIM (stimulation vs. sham) and
SESSION (learning vs. retrieval). To analyze memory performance
and control variables between children with and without ADHD,
single means were compared using Student’s t-test for indepen-
dent samples. Also, the analysis of polysomnographic data was
twofold: Due to saturation of the EEG signal during the stimula-
tion, the affected epochs (25 min in total) had to be excluded from
the analysis. To estimate differences in sleep stages between
stimulation and sham night in ADHD, we deleted the same
number of epochs from sham night (see above). SO power during
the 5  1 minute post-stimulation intervals was analyzed by a
2  8 ANOVA with the factors STIM and POSITION (Fz, C3, Cz, C4,
P3, Pz, P4, and Oz). To compare sleep architecture in children with
ADHD, Student’s t-tests for dependent samples were used. In order
to compare sleep between ADHD patients without stimulation
(full data set) and healthy children, Student’s t-tests for indepen-
dent samples were used.While the hypothesis that toDCS elevates sleep-dependent
declarative memory performance in ADHD to the same level as in
healthy controls was tested one-tailed, all other comparisons were
calculated two-tailed. Alpha probability was set to 5%. Descriptive
statistics were expressed as mean  SEM. Data analysis was per-
formed with IBM SPSS for Windows, version 22.0 (IBM Corp.,
Armonk, NY, USA).Results
Declarative memory performance
The analysis of memory performance in children with ADHD
revealed a signiﬁcant interaction between the factors STIM (toDCS
vs. sham) and SESSION (learning vs. retrieval) [F(1,11) ¼ 10.9,
P ¼ .007; main effect for SESSION: F(1,11) ¼ 6.2, P ¼ .03; main effect
for STIM: F(1,11) ¼ 1.0, P ¼ .328]. Subsequent t-tests showed that a
memory loss over the retention interval was present in the sham
condition [baseline: 67.5  1.7; retrieval: 57.3  3.0; t(11) ¼ 4.3,
P ¼ .001] but not in the stimulation condition [baseline: 65.6  1.6;
retrieval: 66.2  3.0; t(11) ¼ .22, P ¼ .829; see also Table 2 and
Fig. 2]. These data conﬁrm our hypothesis that sleep-dependent
memory consolidation was higher in the stimulation than in the
sham condition (P ¼ .004, one-tailed).
As assumed, unstimulated children with ADHD displayed worse
sleep-dependent memory consolidation than healthy controls
[ADHD:10.2 2.4; controls:2.3 3.4; t(22)¼ 1.9, P¼ .038, one-
tailed]. However after stimulation, the sleep-dependent memory
performance did not differ between children with and without
ADHD [ADHD: .5  2.6; controls: 2.3  3.4; t(22) ¼ .6, P ¼ .520].
There were no differences between groups with respect to baseline
memory performance (P > .4).Polysomnograhic data
The ANOVA of SO power during post-stimulation intervals in
ADHD did not reveal any effects (P < .09). However, when the
analysis was based only on sleep stage 4 epochs, there was a main
effect of STIM, indicating that the SO activity in sleep stage 4 was
signiﬁcantly enhanced after tDCS (157  17.4) compared to the
sham condition [134  12.7; F(1,11) ¼ 7.3, P ¼ .02; see also Fig. 3].
The main effect POSITION [F(7,77) ¼ 12.8, P > .001] reﬂects that SO
power was not distributed equally over the scalp, however the
interaction STIM  POSITION was not signiﬁcant [F(7,77) ¼ .49,
P ¼ .833]. All macro sleep parameters (TIB, TST, sleep efﬁciency, and
sleep stage durations) did not differ between stimulation and sham
night (P > .3; see Table S1 in Supplement). Likewise, there were no
differences in macro sleep parameters between ADHD during sham
night and healthy children (P > .5; see Table S1 in Supplement).
Figure 2. Memory performance; * P < .036 (one-tailed); ** P ¼ .004 (one-tailed); *** P ¼ .001.
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In childrenwith ADHD, there were no signiﬁcant main effects or
interactions of STIM and SESSION with respect to mood ratings
(SAM; P > .1) or digit-span performance (P > .1; for descriptive in-
formation see Table S2 in Supplement). Children with ADHD, in
general, felt less alert before encoding compared to the retrieval
session [F(1,11) ¼ 7.3, P¼ .021], however, neither the main effect for
STIM (P ¼ .6) nor the interaction STIM  SESSION was signiﬁcant
(P ¼ .9). In healthy children, there were no signiﬁcant differences in
mood/tiredness ratings or digit-span performance between
encoding and retrieval sessions (P > .09). When comparing mood
and alertness ratings between children with ADHD and healthyFigure 3. Difference in mean SO power (slow oscillations; 0.6e1.1 Hz) between 1-min inter
indicate location of stimulation; differences in SO power averaged over all electrodes (righcontrols no signiﬁcant differences were found (P > .05). The digit-
span performance was worse in children with ADHD than in
healthy controls in both encoding sessions [stim: t(22) ¼ 2.2,
P ¼ .041; sham: t(22) ¼ 2.2, P ¼ .041] and by trend during stim
retrieval session [stim: t(22) ¼ 1.8, P ¼ .084; sham: t(22) ¼ .84,
P ¼ .386].
Discussion
In this study we investigated whether an external enhancement
of slow oscillations (SO) by transcranial oscillating direct current
stimulation (toDCS) could elevate sleep-dependent memory in
children with ADHD to the level of healthy controls. While childrenvals after stimulation and comparable intervals during sham night (left panel); arrows
t panel); Stim, stimulation; * P ¼ .02.
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formance than healthy controls, this memory deﬁcit vanished after
applying toDCS during sleep.
Children and adults suffering from ADHD are known to display
long-term memory deﬁcits [9,45] which are often ascribed to
deviant encoding rather than to problems during consolidation or
retrieval [6]. Studies concerning long-term memory performance,
however, often focused on memory encoding and retrieval on the
same day, thus neglecting the supporting role of sleep in memory
performance. In our previous studies, we controlled for sleep/wake
states and observed deﬁcits in sleep-dependent consolidation of
long-term declarative memory (picture recognition) in ADHD. Most
strikingly, reduced memory performance in ADHD after sleep was
linked to SO activity during sleep [34,37].
As shown by Marshall and colleagues, frontally applied anodal
toDCS inhealthyadults can remarkably improve the sleep-dependent
consolidation of declarative memory [32,33]. SO synchronizes hip-
pocampal sharp wave ripple activity and thus fosters the integration
of newly encoded hippocampus-related memories into already
existing memory networks located in the neocortex [27,31,46]. Chil-
dren suffering from ADHD are suspected to display less frontal slow
wave activity during sleep [35]. Therefore, the external induction of
frontal SO by toDCS in our study might have superimposed deﬁcient
SO functionality during sleep and thereby normalized sleep-
dependent memory consolidation in children with ADHD.
Since the ethic committee did not support the proposal to
stimulate healthy children by toDCS, children of the control group
performed the experimental tasks at home and also slept in their
own bed. This might lead to the concern that experimental sessions
were not comparable between the two groups. Indeed, based on the
ﬁndings that healthy children display worse cognitive performance
at home than under laboratory conditions [47], differences between
healthy children and children with ADHD in memory performance
might have been even underestimated. To ensure that the home
environment and laboratory conditions were comparable as much
as possible, parents of control childrenwere instructed to provide a
quiet, roomwith an unstimulating workplace and to take care that
no disturbing events happened during the sessions. Moreover, by
introducing a learning criterion (60% correctly identiﬁed pair lo-
cations), wemade sure that patients and healthy children ended the
encoding session on a comparable level of encoded items. In the
same way patients and healthy children during sham night did not
differ in sleep length, efﬁciency and architecture, or in self-rated
tiredness or mood. Therefore, we doubt that differences in mem-
ory performance can be attributed to different experimental
conditions.
The therapeutic beneﬁt of brain stimulation by modulating
cortical excitability and restoring neuronal networks in psychiatric
patients becomes more and more evident [48e50]. For example, in
the case of depression the positive effect of tDCS can last for weeks
[51]. This, however, might lead to the concern that stimulation did
not boost sleep-dependent memory consolidation itself but rather
induced a non-speciﬁc cognitive enhancement supporting retrieval
performance on the next morning. Please note that only memory
performances but not the performance on any control variable
(mood, alertness, or working memory performance) was affected
by the stimulation. Moreover, our stimulation method did not
follow the usual tDCS protocols for the treatment of clinical
symptoms during daytime as reviewed by [48,49]: a) in comparison
to most other studies, we applied DC only in one single stimulation
session; b) the applied current strength in our study was signiﬁ-
cantly lower than in other studies (0.25 mA vs. 1e2 mA); and c) DC
stimulation in our study was not constant above 1 mA (or higher)
but oscillating, ranging from zero to a maximum of 0.25 mA. In
addition, there is evidence that toDCS only at 0.75 Hz (not at 5 Hz)and applied only during sleep leads to an increase of memory
consolidation [32,52,53]. In the same way, Mölle and colleagues
replicated a comparable memory-boosting effect by using acoustic
instead of electrical stimulation: every time an SO wave (<1 Hz)
was detected in the sleep EEG signal, a short burst of noise was
applied to increase the SO amplitude which resulted in elevated
hippocampus-related memory consolidation during sleep [54,55].
It should be mentioned that toDCS might not be suitable to
improve declarative memory performance in all populations. While
healthy adults [32,33], adults suffering from schizophrenia [56],
and childrenwith ADHD beneﬁted from toDCS during sleep, elderly
healthy participants did not [57]. Of course, slight differences in
stimulation protocol between the studies should be taken into ac-
count. However, due to fundamental changes in sleep architecture
and sleep regulation with age [58], it seems plausible to assume
that the beneﬁt of toDCS may also change with age [57]. However,
not only replications of our study outcome are required, but also
further studies including other groups of young patients with def-
icits in declarative memory (e.g. epilepsy [59] or Down’s syndrome
[60]) are necessary in order to draw a conclusion as to whether or
not toDCS can reduce memory deﬁcits until mid-age.
Although using toDCS seems promising to enhance sleep-
dependent memory performance in ADHD, its application during
sleep still requires sophisticated technical support. A more practical
approach, however, comes from the ﬁeld of sports medicine:
intensive physical exercise during the daytime increases endoge-
nous slow wave activity during subsequent sleep [61]. It therefore
seems necessary to investigate whether or not an enhancement of
endogenous SO (e.g. through physical activity) could improve
sleep-dependent memory consolidation in children with ADHD in
the same way as toDCS did.
Conclusion
Here, we observed that toDCS during early sleep enhanced slow
oscillation power and elevatedmemory consolidation to the level of
healthy controls. These ﬁndings are of interest because the ﬁrst
ADHD symptoms usually occur before the age of 7, and the disorder
is accompanied by signiﬁcant school problems often resulting in
academic underachievement. Indeed, ADHD symptoms can
improve after puberty but gaps in education remain. ADHD drugs
improve the ability to encode scholastic knowledge during the
daytime but their therapeutic effects vanish toward the evening
due to their short half-life. Thus, supporting sleep-dependent
memory functions might help to treat childhood ADHD more
thoroughly.
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